Velocity and energy spectra of the light charged particles (protons and α-particles) emitted in the 28 Si(E lab = 112 MeV) + 28 Si reaction have been measured at the Strasbourg VIVITRON Tandem facility. The ICARE charged particle multidetector array was used to obtain exclusive spectra of the light particles in the angular range 15 • -150 • and to determine the angular correlations of these particles with respect to the emission angles of the evaporation residues. The experimental data are analysed in the framework of the statistical model. The exclusive energy spectra of α-particles emitted from the 28 Si + 28 Si compound system are generally well reproduced by Monte Carlo calculations using spin-dependent level densities. This spin dependence approach suggests the onset of large deformations at high spin. A re-analysis of previous α-particle data from the 30 Si + 30 Si compound system, using the same spin-dependent parametrization, is also presented in the framework of a general discussion of the occurrence of large deformation effects in the A CN ≈ 60 mass region. PACS number(s): 25.70. Gh, 25.70.Jj, 25.70.Mn, 24.60.Dr 2
I. INTRODUCTION
In recent years, there have been a number of experimental and theoretical studies [1] aimed at understanding the decay of light compound nuclei (CN) and dinuclear systems (A CN ≤ 60) formed through low energy heavy-ion reactions (E lab ≤ 10 MeV/nucleon). In most of the reactions studied, the properties of the observed, fully energy damped yields have been successfully explained in terms of either a fusion-fission (FF) mechanism or a heavy-ion resonance behavior [1] [2] [3] . The strong resonance-like structures observed in elastic and inelastic excitation functions of 24 Mg + 24 Mg [2] and 28 Si + 28 Si scatterings [3] have been suggestive of the presence of shell stabilized, highly deformed configurations in the 48 Cr and 56 Ni N = Z dinuclear systems, respectively [1] . The investigation of the structure of the doubly-magic 56 Ni nucleus is particularly interesting, with the recent observation [4] in this system of deformed bands that may be the precursors of large deformation or superdeformation behavior in the A CN ≈ 60 mass region [5, 6] .
In a recent experiment using the EUROGAM phase II γ-ray spectrometer, we have investigated [7, 8] the possibility of preferential population of highly deformed bands in the symmetric fission channel of the 56 Ni * CN, produced through the 28 Si + 28 Si reaction at E lab = 112 MeV, which corresponds to the energy of the conjectured J π = 38 + quasimolecular resonance [3] . Some evidence for this behavior was observed [7, 8] , but was not definitively conclusive [8] .
The present work involves the search for the possible occurence of highly deformed configurations of the 56 Ni * CN produced in the 28 Si + 28 Si reaction. Light charged particles (LCP) emitted at the resonance energy [7, 8] of E lab = 112 MeV, and in-plane coincidences of the LCP's with both evaporation residues (ER) and FF fragments have been measured. The LCP's emitted during the CN decay processes carry information on the underlying nuclear shapes and level densities. In particular, new information on nuclear structure far above the yrast line can be obtained from their study by a comparison with statistical model calculations [9] . The LCP's emitted from FF fragments may provide the deformation properties of these fragments. Studies of nuclear shapes based on evaporated LCP spectra have evoked considerable interest and controversy [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . For example, an extremely large deformation suggested in the decay of the 60 Ni * CN [11] , formed in the reaction 30 Si + 30 Si at E lab = 120
MeV, was not supported by the statistical model analysis of Nicolis and Sarantites [19] .
In this paper we will focus on the LPC's found in coincidence with ER's. These data will be analysed with the CACARIZO statistical model code [9] . Section II describes the experimental procedures. In Sec. III we present the data analysis of the exclusive 28 Si
Si data (part of the experimental results presented here in detail have already been briefly reported elsewhere [20] [21] [22] [23] [24] [22] .
The main target contaminants were C and O, each contributing less than 2% to the total number of atoms in the target, and Cu. Because of the relatively low beam energy with respect to the barrier energy for Cu, this contaminant is not expected to affect our results.
The natural C target was used to obtain the background correction for this element. These corrections were found to be relatively small.
Both the heavy ions and their associated LCP's were detected using the ICARE charged particle multidetector array [25] . The heavy fragments (ER, quasi-elastic, deep-inelastic and FF fragments) have been detected in 6 gas-silicon hybrid telescopes (IC), each consisting of an ionization chamber, with a thin Mylar entrance window, followed by a 500 µm thick deteriorated for the α-particle spectra by the relatively large low-energy thresholds of the most backward-angle telescopes. Despite these deviations, the spectra can be understood by assuming a sequential evaporative process and successive emission sources starting with the thermally equilibrated 56 Ni * CN until the final source characterised by a complete freeze-out of the residual nucleus. The invariant cross section contours fall around the dashed circular arcs centered at the CN recoil velocity V CN = V c.m. , and represent the isotropic emission patterns to be expected for a fusion-evaporation mechanism after full-momentum transfer and complete fusion (CF). LCP's emitted from direct reactions or from a pre-thermalization emission process would have manifested themselves as even stronger deviations from the dashed circular arcs, as shown at much higher bombarding energies, E( 28 Si) = 12.4, 19.7, and 30 MeV/nucleon, for the 28 Si + 28 Si reaction [26, 27] . In these early works [26, 27 ] only a few pre-equilibrium LCP's have been shown to be emitted prior to fusion at the lowest energy E( 28 Si) = 12.4 MeV/nucleon [26, 27] , therefore the absence of a pre-equilibrium component at the present energy E( 28 Si) of 4 MeV/nucleon is expected. 
IV. STATISTICAL MODEL CALCULATIONS AND DISCUSSION
The analysis of the data has been performed using CACARIZO [9] , the Monte Carlo version of the statistical model code CASCADE [28] . The parameters needed for the statistical description, i.e. the nuclear level densities and the barrier transmission probabilities, are usually obtained from the study of evaporated light particle spectra. In recent years, it has been observed that statistical model calculations, using standard parameters, are unable to predict satisfactorily the shape of the evaporated α-particle energy spectra [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] with the measured average energies of the α-particles found to be much lower than the corresponding theoretical predictions. In the present calculations as well as in previous studies [9, 10, [12] [13] [14] [15] [16] [17] [18] , the transmission coefficients of all competing evaporation channels, including n, p, and α particle emission, are generated from published optical model parameters for spherical nuclei. Several attempts have been made in the past few years to explain LCP energy anomaly either by changing the emission barrier or by using a spin-dependent level density. The change in the emission barriers and, correspondingly, the transmission probabilities affects the lower energy part of the calculated evaporation spectra. On the other hand the highenergy part of the spectra depends critically on the available phase space obtained from the level densities at high spin. In hot rotating nuclei formed in heavy-ion reactions, the level density at higher angular momentum is spin dependent. The level density, ρ(E, J), for a given angular momentum J and energy E is given by the well known Fermi gas expression :
where a the level density parameter is constant and set equal to a = A/8 MeV −1 (A is the mass number), T is the "nuclear" temperature, and ∆ is the pairing correction,
is the rigid body moment of inertia (r 0 is the radius parameter), and δ 1 and δ 2 are the deformability parameters defined in Refs. [9, 10, 12] .
The angular momentum distribution used in the statistical model calculations depends on diffusivity parameter ∆L and the critical angular momentum for fusion L cr . A fixed value of ∆L = 1h is assumed for the calculations. The L cr values were deduced based on observed complete fusion cross section. These values are shown in Table I Table 8 of Ref. [33] ). The only parameters adjusted in the calculations were those directly associated with the system deformation, δ 1 and δ 2 , the so-called deformability parameters.
In the present analysis we have chosen to follow the procedure proposed by Huizenga and collaborators [12] . No attempt was made to modify the transmission coefficients since it has been shown that the effective barrier heights are fairly insensitive to the nuclear deformation [12] . On the other hand, by changing the deformability parameters δ 1 and δ 2 one can simulate the spin-dependent level density [9, 10, 12] . The CACARIZO calculations have been performed using two sets of input parameters : one with a standard set of the rotating liquid drop model [28] (RLDM) (parameter set A), consistent with the deformation of the finite-range rotating liquid drop model [34] (FRLDM), and another with a spin-dependent moment of inertia and larger values for the deformability parameters (parameter set B).
The RLDM parameter set A with small values given to deformability parameters (δ 1 = 7.6 x 10 −6 and δ 2 = 6.7 x 10 −8 ) produces a yrast line very close to the FRLDM predictions, as shown for example for the neighbouring 59 Cu nucleus in Ref. [9] (see Fig. 1 of Ref. [9] ).
The final values of the deformability parameters, δ 1 = 1.2 x 10 −4 and δ 2 = 1.1 x 10 −7
given in Table I for the parameter set B, yield a significant lowering of the corresponding FRLDM yrast line. They have been chosen in order to reproduce the exclusive data rather than the inclusive data (although they have almost identical spectral shapes especially in the high-energy region), the latter being possibly influenced for low-energy LCp's by small non-statistical components resulting from inelastic collisions or breakup processes that are not accounted for in the statistical model calculations.
The dashed lines in Fig. 3 show the predictions of CACARIZO for 28 Si + 28 Si using the parameter set A consistent with FRLDM deformation [34] . It is clear that the average energies of the measured α-particle spectra are lower than those predicted by these statistical model calculations. The same observation can be made in Fig. 5 Si data are also displayed in Fig. 6 for the sake of comparison). The solid lines of Figs. 3, 5 and 6 show the predictions of CACARIZO using the increased values of the deformability parameters (see parameter set B given in Table I ). The agreement is considerably improved. For instance in Figs. 3 the shapes of the exclusive α-particle energy spectra are very well reproduced for 28 Si + 28 Si with parameter set B (solid lines) including the deformation effects. Furthermore and despite the fact that, for the inclusive α-particle spectra of the 28 Si + 28 Si reactions of including the deformation effects (calculations with parameter set A are not displayed). The deformability parameters for the other systems, given in Table I , were extracted using the same approach of fitting procedures [9, 13, 18, 19] The CACARIZO predictions shown in Figs. 1 and 2 , also performed with the parameter set B given in Table I , reproduce the maxima of the inclusive and exclusive invariant cross sections quite well. This confirms that most of the yields have a statistical origin. This is consistent with the experimental alpha-to-proton ratio R exp α/p = 0.40 ± 0.06 which value is better predicted by calculations using parameter set B (R set−B α/p = 0.39) than calculations using parameter set A (R set−A α/p = 0.48). Parameter set A overestimate the alpha-to-proton ratio mainly because of first chance α-particle. Parameter set B allows the emission of more nucleons in the cascade and the average emission step for α-particles occurs later in the cascade. Thus the velocity plots, the spectral shapes, the angular correlations and relative cross sections of α-particle and proton emission are all reproduced correctly. On the other hand, the discrepancies observed at the most negative angles (between Θ LCP lab = -30
• and -110
• ) of the in-plane angular correlations of Fig. 4 , for protons and even more for α-particles, are sometimes difficult to be understood as already stressed in Refs. [18, 35] .
The same disagreement is present with the calculations using parameter set A. As a whole, the present statistical model calculations describe rather well all the measured observables for both the 28 Si + 28 Si and 30 Si + 30 Si reactions, in contrast to other recent studies which have needed extra dynamical effects in the evaporative processes [16, 17] .
In order to better appreciate the magnitude of the possible deformation effects which are suggested by our choice statistical model approach, one may express the effective moment of inertia as J ef f = 
The quadrupole deformation parameter β is equal to rameter β are shown for the systems tabulated in Table 1 . These quantities have been extracted from the fitted deformability parameters by assuming either a symmetric oblate shape or a symmetric prolate shape, respectively, with sharp surfaces [12] . All of the symmetric or near symmetric systems [13, 18, 19] , for which the main parameters are displayed in the [17] , where a standard statistical model calculation [17] is found to work well. The same conclusion was reached for the 28 Si + 51 V reaction [14] , another asymmetric system, and was confirmed for the very asymmetric system 16 O + 54 Fe [16] .
From this systematic analysis, it can be observed that the magnitude of the quadrupole deformation that can be deduced for both 28, 30 Si + 28,30 Si reactions are rather large : their parameter values are similar to the value obtained for the 32 S + 27 Al reaction [9, 19] but larger than the value corresponding to the 28 Si + 27 Al reaction [13] . This leads to the striking conclusion that highly stretched configurations are required to account for the observed α-particle evaporation spectra. For 28 Si + 28 Si the value of β ≈ 0.5 found for the quadrupole deformation parameter is consistent with the recent observation of very deformed bands in the doubly-magic 56 Ni nucleus by standard γ-ray spectroscopy methods [4] . Si data. We conclude that mass-symmetric systems do favor the onset of strong deformation effects at high angular momenta for highly stretched configurations without the need of recently speculated dynamical effects [16, 17] to explain the α-particles energy spectra.
Work is in progress, including out-of-plane correlations measurements, to study the same reactions with the ICARE multidetector array at even higher bombarding energies [25] . I . Typical quantities of the evaporation calculations performed using the statistical model code CACARIZO. The deformability parameters are taken either from the parameter set B for the systems studied in the present work or from similar fitting procedures for the other systems studied in the literature. The minor to major axis ratios b/a and the quadrupole deformation β values (for a symmetric oblate shape and a symmetric prolate shape, respectively) have been deduced from equations discussed in the text. Note that the β values given for 32 S + 27 Al have been extracted assuming the L cr as extracted at the highest bombarding energy. 
